Heat shock transcription factor A2 (HsfA2) acts as a key component of the Hsf signaling network involved in cellular responses to various types of environmental stress. However, the mechanism governing the regulation of HsfA2 expression is still largely unknown. We demonstrated here that a heat shock element (HSE) cluster in the 5 0 -flanking region of the HsfA2 gene is involved in high light (HL)-inducible HsfA2 expression. Accordingly, to identify the Hsf regulating the expression of HsfA2, we analyzed the effect of lossof-function mutations of class A Hsfs on the expression of HsfA2 in response to HL stress. Overexpression of an HsfA1d or HsfA1e chimeric repressor and double knockout of HsfA1d and HsfA1e Arabidopsis mutants (KO-HsfA1d/ A1e) significantly suppressed the induction of HsfA2 expression in response to HL and heat shock (HS) stress. Transient reporter assays showed that HsfA1d and HsfA1e activate HsfA2 transcription through the HSEs in the 5 0 -flanking region of HsfA2. In the KO-HsfA1d/A1e mutants, 560 genes, including a number of stress-related genes and several Hsf genes, HsfA7a, HsfA7b, HsfB1 and HsfB2a, were downregulated compared with those in the wild-type plants under HL stress. The PSII activity of KO-HsfA1d/A1e mutants decreased under HL stress, while the activity of wild-type plants remained high. Furthermore, double knockout of HsfA1d and HsfA1e impaired tolerance to HS stress. These findings indicated that HsfA1d and HsfA1e not only regulate HsfA2 expression but also function as key regulators of the Hsf signaling network in response to environmental stress.
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Introduction
Higher plants as sessile organisms are constantly exposed to environmental stress, such as high light (HL), heat shock (HS), drought, chilling, salinity and air pollution, and thus have developed mechanisms to respond and adapt to stress through not only physiological and biochemical processes but also molecular and cellular processes. Using genome-wide transcriptome analyses, it has become clear that responses to several types of abiotic stress in plants are activated and integrated by the expression of thousands of genes encoding proteins involved in numerous biological processes (Seki et al. 2002 , Shinozaki et al. 2003 , Tran et al. 2007 , Hua 2009 ). Therefore, transcriptional regulation is crucial in protecting plants from environmental stress, and various transcription factormediated signaling networks play an important role in responses and adaptations to stress.
In eukaryotes, heat shock transcription factors (Hsfs) are key components of signal transduction pathways involved in the activation of genes in response to several types of environmental stress (Mishra et al. 2002 , Nishizawa et al. 2006 , Kotak et al. 2007 , Fortunati et al. 2008 . Drosophila melanogaster, Caenorhabditis elegans and yeast have a single Hsf gene, and vertebrates have four Hsf genes in their genomes. In contrast, plants possess a large family of Hsfs (Nover et al. 1996 , Nakai 1999 , Baniwal et al. 2004 ; 21 Hsf genes in Arabidopsis , at least 23 in rice (Oryza sativa) and 18 in tomato (Solanum lycopersicum; Baniwal et al. 2004 .
Plant Hsfs have a modular structure with an N-terminal DNA-binding domain (DBD) , an adjacent domain with heptad hydrophobic repeats (HR-A/B) involved in oligomerization, a cluster of basic amino acid residues essential for nuclear import (nuclear localization signal) and a C-terminal activation domain, which is frequently characterized by a nuclear export signal and short peptide motifs (AHA motifs) essential for the activator function (Lyck et al. 1997 , Scharf et al. 1998 , Heerklotz et al. 2001 . Three classes of plant Hsfs (classes A, B and C) are defined by peculiarities of their HR-A/B regions . Although class A Hsfs contain AHA motifs, class B and C Hsfs lack AHA motifs and have no activator function of their own ). Hsf acts through a highly conserved heat shock element (HSE) that contains at least three 5 0 -nGAAn-3 0 repeats in alternating orientations in the promoters of HS-inducible genes of all eukaryotes (Wu 1995 , Schöffl et al. 1998 .
To clarify the regulatory system in response to oxidative stress in plants, we have isolated and characterized HsfA2 from Arabidopsis (Nishizawa et al. 2006 , Nishizawa-Yokoi et al. 2009 ). Gene expression profiling revealed that among Arabidopsis class A Hsfs, HsfA2 had the highest level of expression in response to oxidative stress caused by HL, HS, a combination of HL and HS, and treatment with H 2 O 2 or O 3 (Nishizawa et al. 2006, Miller and Mittler 2006) . In addition, the transcription of HsfA2 was significantly induced under environmental stress, such as salt, osmotic and anoxic stress (Ogawa et al. 2007 , Banti et al. 2010 . Recently, we have reported that the induction of HsfA2 expression is involved in the inhibition of 26S proteasome function and/or heat shock protein (Hsp) 90 activity in response to oxidative stress (Nishizawa-Yokoi et al. 2010) .
It has been reported that the HsfA2 protein directly regulates the expression of various genes related to defense against environmental stress, including the genes for several types of Hsp, ascorbate peroxidase (Apx) 2 and galactinol synthase (GolS) isoenzymes (Nishizawa et al. 2006 , Schramm et al. 2006 , Nishizawa-Yokoi et al. 2008 , Nishizawa-Yokoi et al. 2009 ). The overexpression of HsfA2 in Arabidopsis plants increased tolerance to combined environmental stress, while the knockout of HsfA2 reduced basal and acquired thermotolerance as well as tolerance to oxidative stress (Nishizawa et al. 2006 , Charng et al. 2007 , Ogawa et al. 2007 . Recently, it has been reported that the transcriptional activity of Arabidopsis HsfA2 was regulated by sumoylation (Cohen-Peer et al. 2010) . Thus, these findings indicated that HsfA2 is associated with a major signaling pathway for cellular responses to various types of environmental stress. However, we still lack an understanding of the signal transduction pathway involved in the regulation of HsfA2 expression.
In this study, we identified a cis-element and trans-acting factors involved in the induction of HsfA2 expression in response to HL stress. HsfA1d and HsfA1e mediated the induction of HsfA2 expression in response to oxidative stress caused by HL and HS. Furthermore, the HsfA1d and HsfA1e double knockout mutants (KO-HsfA1d/A1e) showed impaired tolerance to HS stress. These findings suggest that HsfA1d and HsfA1e function not only as transcriptional regulators of HsfA2 but also as key regulators for Hsf signaling in response to environmental stress.
Results
The induction of HsfA2 expression in response to HL stress is regulated via HSEs To determine the location of possible cis-elements involved in the induction of HsfA2 expression in response to HL stress, we carried out transient reporter assays using a firefly luciferase (Luc) reporter constructed with different fragments of the 5 0 -flanking region of HsfA2. We prepared nine constructs containing fragments deleted to positions À584, À334, À273, À256, À188, À108, À79 and À34 bp upstream from the transcriptional initiation site in the 5 0 -flanking region of HsfA2 (Fig. 1a) . Four-week-old Arabidopsis rosette leaves were transformed with these constructs by particle bombardment and were either exposed to HL (400 mE m À2 s À1 , 25 C) or incubated in the dark (22 C) for 1 h. The Luc activities in plants harboring constructs with À584, À334, À273, À256 and À188 bp in the 5 0 -flanking region of HsfA2 were highly increased after HL treatment (Fig. 1b) . However, the deletion of 476, 505 and 550 bp from the 5 0 end of the 5 0 -flanking region of HsfA2 resulted in a significant loss of HLinducible Luc activity. These results suggest that one or more cis-elements located between positions À188 and À108 in the 5 0 -flanking region of HsfA2 are involved in its HL-responsive expression.
Two HSE clusters (HSE I and II) consisting of three modules exist in the sequences of 109 bp from position À188 to À79, and 79 bp from position À79 to the transcriptional initiation site (0) in the 5 0 -flanking region of HsfA2, respectively (Fig. 1c) . On the other hand, Guo et al. (2008) have reported that HsfA1a is able to bind not only to perfect HSEs but also to the novel types of motifs, e.g. the TCC-rich-type consisting of 2-4 direct repeats of nTTCn or nGAAn, suggesting that other class A Hsf(s) also bind to such a HSE-like cluster (HSEL). HSEL does not conform to the true definition of an HSE cluster ) but exists in the position between HSE I and II. Furthermore, this cluster also exists adjacent to HSE I or II (Fig. 1c) . These findings suggest that other class A Hsfs mediate the induction of HsfA2 expression in response to HL stress.
Identification of class A Hsfs regulating the expression of HsfA2 in response to HL stress Among 21 Arabidopsis Hsfs, as described above, class A Hsfs act as transactivators of stress-inducible genes, while class B and C Hsfs do not ). Accordingly, to investigate which class A Hsfs are involved in the regulation of HsfA2 expression, we applied CRES-T (chimeric repressor silencing technology). A chimeric repressor is produced by the fusion of some Hsf to the plant-specific ERF-associated amphiphilic repression (EAR)-like motif repression domain (SRDX). When short peptides that contained the EAR motif were fused to activators of transcription, the resultant chimeric transcription factors acted as strong repressors and suppressed the expression of a reporter gene in the presence of another activator of transcription in transient expression assays in Arabidopsis (Hiratsu et al. 2002 , Hiratsu et al. 2003 . Thus, CRES-T should be useful not only for the rapid analysis of the functions of redundant plant transcription factors but also for the manipulation of plant traits via the suppression of gene expression that is regulated by specific transcription factors (Hiratsu et al. 2003) .
We generated a series of Arabidopsis transgenic lines overexpressing a chimeric repressor protein, called the CRES-T lines, in which each of the 15 class A Hsfs in Arabidopsis was fused with the SRDX under the control of the cauliflower mosaic virus (CaMV) 35S promoter (DN-HsfA1a, DN-HsfA1b, DNHsfA1d, DN-HsfA1e, DN-HsfA2, DN-HsfA3, DN-HsfA4a, DN-HsfA4c, DN-HsfA5, DN-HsfA6a, DN-HsfA6b, DN-HsfA7a, DN-HsfA7b, DN-HsfA8 and DN-HsfA9). The transcript levels of Hsf gene chimeric repressors in each of the CRES-T lines were analyzed by quantitative PCR. The chimeric repressors were overexpressed in all CRES-T lines ( Supplementary Fig. S1 ). Identification of cis-elements involved in the induction of HsfA2 expression in response to HL. Gold particles coated with 1.6 mg of reporter plasmid and 0.4 mg of reference plasmid were applied to rosette leaves of harvested 4-week-old plants by particle bombardment as described in the Materials and Methods. After the bombardment, the samples were incubated for 6 or 4 h under dark conditions (22 C). Plants incubated for 4 h were transferred to HL stress (400 mE m À2 s
À1
, 25 C, 1 h) and then were incubated for 60 min under dark conditions. (a) Promoter structure of the HsfA2 gene. Schematic representation of the HsfA2 promoter fragments that were fused to the firefly luciferase (FLuc) gene and used in the corresponding transient reporter assays. Heat shock elements (HSE I and II) and the potential HSE (HSE-like cluster), which does not conform to the true definition of an HSE, are drawn according to the nomenclature described in Nover et al. (2001) and Guo et al. (2008) . An open box above or below the line represents an active HSE head or tail module: a(g,t,c)GAAn, a(g,t,c)GnAn or a(g,t,c)GAnn. The corresponding filled box above or below the line represents an inactive head or tail module with five nucleotides but lacking the invariant G and/or both A residues. An open box below the line represents an active HSE tail module: nTTCt(a,g,c), nTnCt (a,g,c) or nnTCt (a,g,c) . The corresponding filled box represents an inactive tail module with five nucleotides but lacking the invariant C and/or both T residues. An HSE-like module is represented by a gray box above and below the line, respectively. The TATA box is shown by a striped box. The numbers shown above the promoter fragments indicate the distance in base pairs. Thus, we selected two lines in the T 3 generation for further analysis.
To validate whether chimeric repressors of Hsfs can suppress the expression of target genes, we investigated the effect of overexpression of an HsfA2 chimeric repressor on the transcription of Hsp18.1-CI as a target gene (Schramm et al. 2006 , Nishizawa-Yokoi et al. 2009 ). When 2-week-old control (transformed with the empty pDH123 vector; Ogawa et al. 2009 ) and DN-HsfA2 plants were exposed to HL stress (400 mE m À2 s À1 , 25 C) for 1 h, the transcript levels of Hsp18.1-CI were significantly increased in the control and DN-HsfA2 plants ( Supplementary Fig. S2 ). However, the transcript levels of Hsp18.1-CI in the DN-HsfA2 plants were significantly lower than that in the control plants. These results showed that the Hsf chimera may act as a transcriptional repressor in planta.
To identify the Hsfs regulating the expression of HsfA2, we analyzed the effect of the overexpression of chimeric repressors on the expression of HsfA2 in response to HL stress. The levels of HsfA2 expression were lower in the DN-HsfA1d and DN-HsfA1e plants than in the control plants under HL stress (Fig. 2) . There was no significant difference between the controls and other transformants.
It has been reported that the transcript level of HsfA2 was increased under HS stress (Nishizawa et al. 2006 , Schramm et al. 2006 , Charng et al. 2007 ). Therefore, we checked the effect of overexpression of Hsf chimeric repressors on the expression of HsfA2 in response to HS stress. When 2-week-old plants were exposed to HS stress (37 C) for 1 h, no significant difference in the transcript levels of HsfA2 were found between the controls and other transformants, except for the DN-HsfA1d and DN-HsfA1e plants (Fig.  3) . These findings suggest that HsfA1d and HsfA1e are involved in the induction of HsfA2 expression in response to HL or HS stress.
To investigate further the mode of regulation of HsfA2 expression by HsfA1d and/or HsfA1e, T-DNA mutants of HsfA1d and HsfA1e (SAIL_410_E01; KO-HsfA1d and SALK_094943; KOHsfA1e) were obtained from the SIGnAL project (http://signal. salk.edu/tabout.html). The mutants contained a T-DNA insert in the second exon of HsfA1d or HsfA1e (Fig. 4a) . When 2-week-old wild-type plants, KO-HsfA1d and KO-HsfA1e mutants were exposed to HL stress (400 mE m À2 s
, 25 C) for 30 min. Quantitative PCR revealed that the insertion caused a loss of HsfA1e expression in KO-HsfA1e mutants under normal conditions or HL stress (Fig. 4b) . In contrast, there was no significant difference in the transcript level of HsfA1d between the wild-type plants and KO-HsfA1d mutants (data not shown), suggesting that non-functional mRNA for HsfA1d is expressed in the KO-HsfA1d mutants. Therefore, we checked , 25 C, 1 h). Total RNA was reverse transcribed into cDNA and used as a template for quantitative RT-PCR, as described in the Materials and Methods. Specific primers for HsfA2 and the Actin2 standard were designed. The value in the control plants was set to 1. Data are the mean ± SD for three individual experiments (n = 3). The procedures are described in the Materials and Methods. the transcript level of HsfA1d by semi-quantitative reverse transcription-PCR (RT-PCR) analysis using a primer pair to amplify full-length HsfA1d. The transcripts of full-length HsfA1d were not detected in the KO-HsfA1d mutants, indicating that they were not produced under normal conditions or HL stress (Fig. 4c) . It seems likely that the transcript of HsfA1d in KO-HsfA1d mutants contains T-DNA sequences. The induction of HsfA2 expression was significantly reduced in the KOHsfA1d and KO-HsfA1e mutants compared with wild-type plants under HL stress (Fig. 4d) , indicating that HsfA1d and HsfA1e play functionally redundant roles in the regulation of HsfA2 expression under HL.
To examine whether functional redundancy might obscure the role of HsfA1d and HsfA1e in the regulation of HsfA2 expression, we generated HsfA1d and HsfA1e double mutants (KO-HsfA1d/A1e). Following crossing of the homozygous KO-HsfA1d and KO-HsfA1e mutants, we isolated homozygous KO-HsfA1d/A1e mutants in subsequent generations by PCR screening. We confirmed that the transcripts of HsfA1d and HsfA1e were not detected in the KO-HsfA1d/A1e mutants under normal conditions or HL stress (Fig. 4b, c) . There was no obvious phenotypic difference with respect to germination and growth among the KO-HsfA1d/A1e, KO-HsfA1d and KOHsfA1e mutants, or wild-type plants under normal conditions (data not shown). As shown in Fig. 4d , the transcript level of HsfA2 was significantly reduced in the KO-HsfA1d/A1e mutants compared with the wild-type plants under HL stress. However, the HsfA2 expression in KO-HsfA1d/A1e mutants under HL stress was not completely lost, suggesting that not only HsfA1d and HsfA1e but also other transcription factor(s) including another Hsf(s) are involved in the induction of HsfA2 expression. In contrast, the SRDX-fused chimeric transcription factors acted as strong repressors and suppressed the expression of a reporter gene even in the presence of another activator of transcription in transient expression assays in Arabidopsis (Hiratsu et al. 2002 , Hiratsu et al. 2003 . Therefore, it seems likely that the induction of HsfA2 is almost completely suppressed in the DN-HsfA1d and DN-HsfA1e plants. Relative transcript level Fig. 3 Effect of overexpression of a class A Hsf chimeric repressor on the expression of HsfA2 in response to HS. Two-week-old control plants and transgenic plants overexpressing a class A Hsf chimeric repressor were transferred to HS stress (37 C, 60 min). Total RNA was reverse transcribed into cDNA and used as a template for quantitative RT-PCR as described in the Materials and Methods. Specific primers for HsfA2 and the Actin2 standard were designed. The value in the control plants was set to 1. Data are the mean ± SD for three individual experiments (n = 3). The procedures are described in the Materials and Methods. effector plasmids for HsfA1a or HsfA1b and Pro HsfA2-188 :FLuc, no activation of the Luc gene was observed (Fig. 5) . These findings were consistent with the data concerning gene expression showing that HsfA1a and HsfA1b are not involved in the regulation of HsfA2 expression (Busch et al. 2005) . In contrast, co-bombardment of leaves with the effector plasmids for HsfA1d or HsfA1e and Pro HsfA2-188 :FLuc increased the Luc activity by 4.8-or 7.9-fold in comparison with co-bombardment with green fluorescent protein (GFP) as a control, respectively (Fig. 5) . However, there was no significant difference in Luc activity between the expression of HsfA1d and HsfA1e. Furthermore, there was no significant difference in the induction of Luc activity between the simultaneous expression of HsfA1d and HsfA1e and individual expression of HsfA1d or HsfA1e.
HsfA1d and HsfA1e mediate the transactivation of the HsfA2 promoter via the HSE
To confirm that the HSE essential for the HL-inducible HsfA2 expression is a functional binding site for HsfA1d and HsfA1e, we tested Pro HsfA2-188 :FLuc having a base-substituting mutation (Mut. A-Mut. D in Supplementary Fig. S3 ) of HSE I, II and HSEL in the transient reporter assays. Compared with Pro HsfA2-188 :FLuc containing the wild-type HSEs, co-expression of the Pro HsfA2-188 :FLuc-containing mutation of the HSEL and HSE II (Mut. A) with HsfA1d or HsfA1e had a minor effect on Luc activity (Supplementary Fig. S3 ). However, mutation of Supplementary Fig. S3 ). These results indicated that the HSE I cluster is essential for the induction of HsfA2 expression under the control of HsfA1d and HsfA1e.
Identification of target genes of HsfA1d and HsfA1e
To identify targets of HsfA1d/A1e other than HsfA2, we conducted a transcriptome analysis of the KO-HsfA1d/A1e and wild-type plants using a DNA microarray (Affymetrix genechip) for 30 min under HL stress. The transcript levels of 560 genes were decreased (<2-fold), while those of 312 genes were increased (>2-fold) in the KO-HsfA1d/A1e plants compared with the wild-type plants (Supplementary Tables S1, S2) . Among 21 Arabidopsis Hsfs, the transcript levels of not only HsfA2, but also HsfA7a, HsfA7b, HsfB1 and HsfB2a were downregulated in the KO-HsfA1d/A1e (Supplementary Table S1 ). In support of the microarray results, the quantitative PCR analysis showed that the transcript levels of HsfA7a, HsfA7b, HsfB1 and HsfB2a were strongly suppressed in the KO-HsfA1d/A1e mutants under HL stress (Fig. 6) . Furthermore, we checked the transcript levels of HsfA2, HsfA7a, HsfA7b, HsfB1 and HsfB2a in the wild-type plants and the KO-HsfA1d/A1e mutants under HS stress (37 C, 1 h). The transcript levels of HsfA2, HsfA7a, HsfA7b, HsfB1 and HsfB2a were also strongly decreased in the KOHsfA1d/A1e mutants compared with those in the wild-type plants under HL stress (Fig. 7) . The comparison of downregulated genes with the expression profiles of HsfA2-overexpressing plants (Nishizawa et al. 2006 ) indicated that 19 genes overlapped with HsfA2 target genes, including many Hsp genes, GolS1 and Apx2 (Supplementary Table S1 ).
Effect of the absence of HsfA1d and HsfA1e on tolerance to HL and HS stresses
The expression of several Hsf genes was suppressed in the KOHsfA1d/A1e mutants under HL stress (Fig. 6) . Therefore, we checked tolerance to HL stress by irradiating the KO-HsfA1d/ A1e mutants and wild-type plants with 400 and 800 mE m À2 s
À1
at 25 C for 10 h. However, no significant difference was observed in phenotype between the KO-HsfA1d/A1e mutants and wild-type plants (data not shown). On the other hand, we found that there is a significant difference in PSII activity between the KO-HsfA1d/A1e mutants and wild-type plants under severe HL stress (800 mE m À2 s
, 25 C). The PSII activity of KO-HsfA1d/A1e mutants decreased to 82% after 10 h, while the activity of wild-type plants remained high (Fig. 7) .
HsfA2 expression was also highly induced under HS stress (Nishizawa et al. 2006 , Miller and Mittler 2006 , Charng et al. 2007 ). Furthermore, the induction of HsfA2, HsfA7a, HsfA7b, HsfB1 and HsfB2a expression was highly suppressed in the KO-HsfA1d/A1e mutants under HS stress (Fig. 8 ). Next, we tested for basal thermotolerance by heating directly to 44 C for 75 min or for acquired thermotolerance by acclimation at 37 C for 1 h plus 2 h at room temperature, followed by heat treatment of 44 C for 3 h in the KO-HsfA1d/A1e mutants and wild-type plants. No significant difference was observed in basal thermotolerance among the seedlings of the KO-HsfA1d/A1e mutants and wild-type plants, and thus the seedlings of the KO-HsfA1d/A1e mutants and wild-type plants were completely etiolated (data not shown). However, acquired thermotolerance was dramatically reduced in the KO-HsfA1d/A1e mutants compared with the wild-type plants (Fig. 9) . The survival rate was lower in the KO-HsfA1d/A1e mutants than in the wild-type plants.
Discussion
The induction of HsfA2 expression is regulated by HsfA1d and HsfA1e in response to environmental stress HsfA2 is one of the most important transcription factors in the response to oxidative stress. In this study, we identified a cis-element and trans-acting factor involved in the induction of HsfA2 expression in response to HL stress. The HsfA2 promoter was activated by co-expression of HsfA1d or HsfA1e in the Arabidopsis leaves, respectively, while the co-expression of HsfA1a or HsfA1b did not affect the promoter activities (Fig. 5) . Furthermore, the induction of HsfA2 expression in the double knockout mutants of HsfA1a and HsfA1b (KO-HsfA1a/A1b) was almost the same as that in the wild-type plants in response to HS stress (Busch et al. 2005) . Recently, it has been reported that the transient expression of HsfA1a or HsfA1b in Arabidopsis HsfA1d and HsfA1e
Relative Luc activity effector Fig. 5 Effect of co-expression of several class A Hsfs on HsfA2 promoter activation. For plasmid transformation, gold particles (1.6 mm in diameter) coated with 1.6 mg of reporter plasmid, 0.4 mg of reference plasmid and 1.2 mg of effector plasmid were applied to rosette leaves harvested from 4-week-old plants. After the bombardment, the samples were incubated at 22 C for 6 h under dark conditions. Relative Luc activities are shown for a co-bombardment experiment with the indicated combinations of GFP, HsfA1a, HsfA1b, HsfA1d or HsfA1e effectors and the Pro HsfA2-188 :FLuc reporter gene. To normalize for transformation efficiency, the CaMV 35S: Rluc reporter plasmid was co-bombarded as a control in each experiment. The relative activity due to the GFP vector was set as 1. Data are the mean ± SD for three individual experiments (n = 3). The procedures are described in the Materials and Methods.
protoplasts activated the HsfA2 promoter only a little (Li et al. 2010) . These results indicated that HsfA1d and/or HsfA1e, but not HsfA1a and HsfA1b, regulate the induction of HsfA2 expression in response to HL or HS stress.
It is generally assumed that stress signals cause the conversion of Hsfs from a monomer to a homotrimer, which thus acts through an HSE (Miller and Mittler 2006) . On the other hand, it has been reported that HsfA1/A1b form a heterotrimer or a hetero-oligomer and cooperate synergistically at a number of target gene promoters (Li et al. 2010) . A similar result was obtained from tomato HsfA1 and HsfA2 (Chan-Schaminet et al. 2009 ). These observations and our preliminary data from a yeast two-hybrid system (A. Nishizawa-Yokoi et al. unpublished data) suggest that HsfA1d interacts with HsfA1e. However, the simultaneous expression of HsfA1d and HsfA1e did not have a synergistic effect on HsfA2 expression in Arabidopsis (Fig. 5) . Therefore, if HsfA1d and HsfA1e form a heterotrimer, they would not act as superactivator complexes like tomato HsfA1 and HsfA2.
Recently, it has been reported that the treatment of Arabidopsis plants with geldanamycin (GDA) or radicicol, inhibitors of Hsp90, induced the expression of several types of heat-inducible Hsp genes, HsfA1d, HsfA3, HsfA4c and HsfB1 (Yamada et al. 2007 ). Furthermore, HsfA1d has been found to interact with a cytosolic Hsp90, Hsp90.2, of Arabidopsis plants. This report suggests that in the absence of stress, Hsp90 negatively regulates HsfA1d function by direct interaction, but upon stress, Hsp90 is transiently inactivated, which leads to HsfA1d activation. Additionally, we have reported that the transcript level of HsfA2 was increased by GDA treatment (Nishizawa-Yokoi et al. 2010) . Treatment with a 26S proteasome inhibitor, MG132, also caused the induction of HsfA2 expression (Nishizawa-Yokoi et al. 2010) . Taken together, the present findings suggest that the inhibition of 26S proteasome function and/or Hsp90 activity is involved in the induction of HsfA2 expression via HsfA1d in response to HL and HS stresses. It is generally accepted that the imposition of environmental stress including HL and HS stresses gives rise to excess concentrations of reactive oxygen species (ROS). Recently, we have reported that treatment with MG132 or GDA increased the transcript level of HsfA2 without the increase in intracellular levels of ROS (Nishizawa-Yokoi et al. 2010) . The levels of polyubiquitinated proteins were also increased. Interestingly, the levels of polyubiquitinated proteins as well as the levels of HsfA2 transcript were rapidly increased under oxidative stress derived from the treatment with H 2 O 2 or methylviologen, while they were completely suppressed by pre-treatment with ascorbate under oxidative stress. These results suggest that the induction of HsfA2 expression in response to HL or HS stress was involved in the accumulated polyubiquitinated proteins caused by the intracellular level of ROS in both cases.
In the KO-HsfA1d/A1e mutants, the transcript levels of 560 genes, including HsfA2 and HsfA2 target genes, were lower than those in the wild-type plants under HL stress (Supplementary Table S1 ). The down-regulated genes included those for several types of Hsp. It has been reported that Hsps/chaperones are responsible for protein folding, assembly, translocation and degradation in a broad array of normal cellular processes; they also function in the stabilization of proteins and membranes, and can assist in protein refolding under stress conditions (Wang et al. 2004 ). However, the KO-HsfA1d/A1e mutants were slightly sensitive to HL stress (Fig. 7) . We found that the induction of HsfA2 expression in the KOHsfA1d/A1e mutants was not completely suppressed under HL stress (Fig. 4) , suggesting that other Hsf(s) compensate for the role of HsfA1d and HsfA1e.
HsfA1d and HsfA1e are one of the key regulators of the Hsf signaling network Studies using knockout mutants and plants overexpressing Hsfs have revealed class A Hsfs in Arabidopsis to be involved in the induction of genes implicated in defense under stressful conditions (Miller and Mittler 2006 , Kotak et al. 2007 , von KoskullDöring et al. 2007 ). The KO-HsfA1a/A1b mutants were markedly impaired in the early and transient mRNA accumulation of HsfA7a, HsfB1 and HsfB2a as well as HS-inducible genes during the early phase of HS treatment (Lohmann et al. 2004 , Busch et al. 2005 . The transcription of HsfB1 and HsfB2a was up-regulated in HsfA2-overexpressing (Ox-HsfA2) Arabidopsis HsfA7b HsfB1 HsfB2a HsfA7a HsfA2 Fig. 8 Expression profile of Arabidopsis Hsfs in the wild-type plants and KO-HsfA1d/A1e mutants under HS stress. Two-week-old wild-type plants and KO-HsfA1d/A1e mutants were subjected to HS stress (37 C, 1 h). Total RNA was reverse transcribed into cDNA and used as a template for quantitative RT-PCR as described in the Materials and Methods. Specific primers for HsfA2, HsfA7a, HsfA7b, HsfB1, HsfB2a and Actin2 standard were designed. Relative transcript levels were normalized to Actin2 mRNA. The value of the wild-type plants under normal conditions was set equal to 1. Data are the mean ± SD for three individual experiments (n = 3). Asterisks indicate that the values are significantly different from those in the wild-type plants (P < 0.03). The procedures are described in the Materials and Methods. Fig. 9 Effect of acclimation on acquired thermotolerance in the control and KO-HsfA1d/A1e seedlings. Three-day-old seedlings of the KOHsfA1d/A1e mutants and wild-type plants were exposed to pre-conditioning heat treatment at 37 C for 1 h and incubated at 25 C for 2 h, and then exposed to HS stress at 44 C for up to 3 h. After HS treatment, these plants were returned to normal conditions for 7 d. plants compared with wild-type plants under normal conditions (Ogawa et al. 2007 ). In the KO-HsfA2 Arabidopsis mutants, the induction of HsfA3, HsfA7b and HsfC1 expression was suppressed compared with the wild-type plants under HS stress (Schramm et al. 2006 ). In the HsfA3-overexpressing Arabidopsis plants (Ox-HsfA3), the transcript levels of several Hsp genes, HsfA1e, HsfA7b and HsfB2a, were highly increased under normal conditions (Yoshida et al. 2008) . A number of HSEs exist in putative promoter regions of the Hsf genes of Arabidopsis , suggesting a complex regulatory network involving interactions between Hsfs and the HSEs in Hsf genes.
By microarray and quantitative PCR analyses, we identified the Hsfs regulated by HsfA1d and/or HsfA1e. In addition to HsfA2, the transcript levels of four Hsf genes, HsfA7a, HsfA7b, HsfB1 and HsfB2a, were markedly reduced in the KO-HsfA1d/ A1e mutants compared with the wild-type plants under HL or HS stress (Figs. 6, 8) . The transcript levels of HsfA7a, HsfA7b, HsfB1 and HsfB2a were increased in response to HL, HS, wounding, salinity, and so on (Miller and Mittler 2006, Nishizawa et al. 2006) . These findings indicated that HsfA1d and/or HsfA1e control the expression of these genes in response to various environmental stresses.
It has been reported that Arabidopsis HsfA7a and HsfA7b function as transcriptional activators in tobacco protoplasts . T-DNA knockout Arabidopsis mutants of HsfA7a had decreased thermotolerance compared with wild-type plants (Larkindale and Vierling 2008) . These findings suggest that not only Hsf1A1a, HsfA1b, HsfA1e, HsfA1d, HsfA2 and HsfA3, but also HsfA7a and HsfA7b regulate the induction of Hsp gene expression in response to stressful conditions. However, the target genes of HsfA7a or HsfA7b are still unknown. The identification of these genes is necessary to understand the entire Hsf signaling network.
Recently, Kumar et al. (2009) have reported that the formation of late Hsf-HSE binding complexes persists longer and is more intense in double knockout HsfB1 and HsfB2b mutants compared with wild-type plants, suggesting that class B Hsfs regulate the shutting off of the stress response. Furthermore, it has been reported that all Arabidopsis class B Hsfs contain an R/ KLFGV motif which acts as a transcriptional repressor (Ikeda and Ohme-Takagi 2009) . It seems likely that class B Hsfs also function as a constant repressor of HsfA2 expression under normal conditions.
Based on the present findings and data reported to date, in Fig. 10 we propose a model of Hsf signaling under the stresses. Higher plants seem to develop a very complicated Hsf signaling network to respond and adapt to a wide range of environmental stresses. In the network, HsfA1d and HsfA1e regulate not only HsfA2 expression but also that of some other Hsfs in response to environmental stress. It has been reported that HsfA3 regulates the expression of HsfA1e (Yoshida et al. 2008) and that HsfA2 activates HsfA3 expression (Ogawa et al. 2007 ). Therefore, it seems likely that the positive-feedback loop among HsfA1e, HsfA2 and HsfA3 exists to hyperactivate the Hsf signaling network, in which HsfA2 functions as a core component to connect the signals from both HsfA1d/A1e. Although there was no significant difference in basal thermotolerance between the wild-type plants and KO-HsfA1d/A1e mutants, acquired thermotolerance was markedly reduced in the KO-HsfA1d/A1e mutants compared with the wild-type plants (Fig. 9) . This phenotypic property of KO-HsfA1d/A1e mutants was similar to those of KO-HsfA2 (Charng et al. 2007 ). The present findings clearly indicated that HsfA1d and HsfA1e are important for acquired thermotolerance via regulation of HsfA2 expression and thus function as a key regulator of the Hsf signaling network in response to environmental stress.
Materials and Methods

Construction of plasmids for transient reporter assays
The 5 0 -deleted fragments of the 5 0 -flanking region of HsfA2 (À584, À334, À108 and À79 bp from the transcriptional initiation site) were synthesized by PCR. These PCR products were (Busch et al. 2005) , which were also regulated by HsfA1d and/or HsfA1e. HsfA1d and HsfA1e induce the expression of HsfA2 and HsfA7b (in this work). Subsequently, HsfA2 regulates HsfA3, HsfA7b, HsfB1 and HsfB2a expression (Schramm et al. 2006 , Ogawa et al. 2007 ). HsfA3 induces the expression of HsfA1e, HsfA7b and HsfB2a (Yoshida et al. 2008 ). HsfA1a, HsfA1b, HsfA1d, HsfA1e, HsfA2 and HsfA3 activate the transcription of Hsf target genes (e.g. Apx2, GolSs and Hsp) (Busch et al. 2005 , Nishizawa et al. 2006 , Schramm et al. 2006 , Ogawa et al. 2007 , Nishizawa-Yokoi et al. 2008 , Yoshida et al. 2008 . The expression of Hsf target genes also may be induced by HsfA7a and Hsf7b and suppressed by HsfB1 and HsfB2a. digested with SalI/BamHI or XbaI/BamHI, and the CaMV 35S promoter of pHSG/35S pro.-FLuc (Nishizawa-Yokoi et al. 2009 ) was replaced. The constructs with deletions (À273, À256, À188 and À34 bp from the transcriptional initiation site) and mutations (base-substituting mutants, Mut. A-Mut. D) of the 5 0 -flanking region of HsfA2 were synthesized by PCR. The PCR products were isolated and self-ligated. For the construction of the effector plasmids, the HsfA1a, HsfA1b, HsfA1d and HsfA1e cDNAs were synthesized by PCR and cloned into the KpnI/SacI, KpnI/SalI or XbaI/SalI site between the CaMV 35S promoter and nopaline synthase (NOS) terminator of the pHSG/35S pro.-NOS vector (Nishizawa-Yokoi et al. 2009 ). The construction of the reference plasmid (pHSG/35S pro.-Renilla Luc) and the control effector plasmid (pHSG/35S pro.-GFP) was described previously (Nishizawa-Yokoi et al. 2009 ). Primer sets are listed in Supplementary Table S3 . DNA sequences were confirmed using an ABI Prism 3100 Genetic Analyzer (Applied Biosystems).
Transient reporter assay
Arabidopsis thaliana ecotype Columbia plants were grown (16 h light, 25 C/8 h dark, 22 C) on Murashige and Skoog's (MS) medium under a light intensity of 100 mE m À2 s À1 for 2 weeks and then transferred to soil cultures under control growth conditions for 2 weeks. For plasmid transformation, gold particles (1.6 mm in diameter) coated with 1.6 mg of reporter plasmid and 0.4 mg of reference plasmid with or without 1.2 mg of effector plasmid were applied to rosette leaves harvested from 4-week-old plants by particle bombardment using the Bio-Rad PDS-1000/He system according to Fujimoto et al. (2000) . After the bombardment, the samples were incubated in a plant growth chamber at 22 C (BIOTROM NC350, NK system). Luc assays were performed with the Dual-Luciferase Reporter Assay System (Promega) and a Luminescencer PSN-R (Atto) following the manufacturer's instructions.
Generation of transgenic plants
The coding regions of HsfA1a, HsfA1b, HsfA1d, HsfA1e, HsfA2, HsfA3, HsfA4a, HsfA4c, HsfA5, HsfA6a, HsfA6b, HsfA7a, HsfA7b, HsfA8 and HsfA9 were amplified from a leaf or seed cDNA library using appropriate primers, as shown in Supplementary Table S4 , and cloned into the SmaI site of the p35SSRDXG vector (Mitsuda et al. 2005) . These plasmids were transferred into the pBCKH plant expression vector (Mitsuda et al. 2005 ) using the Gateway system (Invitrogen). DNA sequences were confirmed using the ABI Prism 3100 Genetic Analyzer. Arabidopsis thaliana ecotype Columbia plants were transformed using Agrobacterium harboring these vectors. T 3 seeds were used for subsequent experiments.
Isolation of KO-HsfA1d, KO-HsfA1e or KO-HsfA1d/A1e mutants The knockout Arabidopsis lines (Col-0 background) containing a T-DNA insert in the HsfA1d and HsfA1e genes [KO-HsfA1d (SAIL_410_E01) and KO-HsfA1e (SALK_094943); from the SIGnAL project (http://signal.salk.edu/tabout.html)] were obtained as pure homozygous lines as described previously (Nishizawa et al. 2006 ). The homozygous KO-HsfA1d/A1e mutants were isolated by crossing homozygous KO-HsfA1d and KO-HsfA1e mutants. The analysis of the HsfA1d or HsfA1e knockouts and the segregation were performed with PCR.
Plant materials and stress treatments
Arabidopsis thaliana ecotype Columbia plants were grown (16 h light, 25 C/8 h dark, 22 C) on MS medium under a light intensity of 100 mE m À2 s
À1
. Two-week-old seedlings were subjected to normal light (control; 100 mE m À2 s
, 25 C) or HL stress (400 or 800 mE m À2 s À1 , 25 C) in a growth cabinet (NK system). For HS stress, 2-week-old plants were exposed to 25 C as a control and 37 C under dark conditions. Plants were collected and frozen in lipid nitrogen and stored at À80
C.
Quantitative PCR analysis
The quantitative PCR analysis was performed according to Nishizawa et al. (2006) . Total RNA was prepared from seedlings of Arabidopsis plants using Sepasol Õ -RNAI (Nacalai Tesque Inc.). To eliminate any contamination by DNA, 50 mg of total RNA was treated with DNase I (Takara). The total RNA was converted into cDNA using ReverTra Ace (Toyobo) with an oligo(dT) 20 primer. Primer pairs for the quantitative PCR were designed using Primer express software (Applied Biosystems) and the primer sequences are listed in Supplementary  Table S5 . Gene-specific primers were chosen such that the resulting PCR product had an approximately equal size of 100 bp. The quantitative PCR was performed with a 7300 Real Time PCR System (Applied Biosystems) using Platinum SYBR Green qPCR SuperMix-UDG (Invitrogen). Actin2 mRNA was used as an internal standard in all experiments. The quantitative PCR experiments were repeated at least three times for a cDNA prepared for three batches of plants.
Semi-quantitative RT-PCR analysis
The semi-quantitative RT-PCR analysis was performed according to Ogawa et al. (2005) . Primer sequences were as follows: HsfA1d-F2, 5 0 -CCGAATGGATGTGAGCAAAG-3 0 ; HsfA1d-R2, 5 0 -ACCCATCTGTTGAGTCA-3 0 ; Actin8-F, 5 0 -GAGATCCACAT CTGCTGG-3 0 ; and Actin8-R, 5 0 -GCTGAGAGATTCAGGTGC CC-3 0 . The semi-quantitative RT-PCR experiments were repeated at least three times with cDNA prepared from three batches of plant leaves.
Microarray analysis
The microarray analysis was performed by using an Arabidopsis ATH1 Genome Array (Affymetrix) as recommended by the manufacturer. The wild-type plants and KO-HsfA1d/A1e mutants were subjected to the HL stress described above. Total RNA was isolated using Sepasol-RNA I (Nakarai Tesque) from 10-20 wild-type plants and KO-HsfA1d/A1e mutants, mRNA was prepared using an RNeasy Plant Mini Kit (Qiagen). Total RNA was used to produce biotin-labeled cRNA probes using a GeneChip 3 0 IVT Express Kit (Affymetrix) following the manufacturer's instructions. Hybridization microarray slides were scanned with an Affymetrix Genechip Command Console Ver2.0 (Affymetrix). Feature extraction software (Expression Console TM Ver1.1; Affymetrix) was used to locate and delineate every spot in the array and to integrate the intensity, filtering and normalization of each spot. Finally, we selected the genes whose ratio of induction in the KO-HsfA1d/A1e plants was >2.0 (up-regulated genes) or <0.5 (down-regulated genes). The microarray data were deposited in the public NCBI Gene Expression Omnibus database under the GEO accession number GSE28183.
Measurement of Chl fluorescence
Chl fluorescence was measured following Maruta et al. (2010) . The PSII activity (F v /F m ) in Arabidopsis leaves was determined after dark adaptation for 20 min. Chl fluorescence in the Arabidopsis leaves was measured at 25 C with a Closed FluorCam 800MF (Photon Systems Instruments).
Thermotolerance test
For the basal thermotolerance test, 3-day-old seedlings of the KO-HsfA1d/A1e mutants and wild-type plants were exposed to HS stress in a water bath at 44 C for 75 min, and then transferred to normal conditions (25 C, 100 mE m À2 s
À1
). For the acquired thermotolerance test, 3-day-old plants were exposed to pre-conditioning heat treatment at 37 C for 1 h and incubated at 25 C for 2 h, and then exposed to HS stress at 44 C for up to 3 h. After HS treatment, these plants were returned to normal conditions. The number of surviving plants was scored after 7 d of further incubation. For each experiment, >25 plants were used, and values represent the means of four experiments.
Data analysis
The significance of differences between data sets was evaluated with a t-test. Calculations were carried out with Microsoft Excel software.
